The recently described ammonia-oxidizing archaea of the phylum Thaumarchaeota are highly abundant in marine, geothermal, and terrestrial environments. All characterized representatives of this phylum are aerobic chemolithoautotrophic ammonia oxidizers assimilating inorganic carbon via a recently described thaumarchaeal version of the 3-hydroxypropionate/4-hydroxybutyrate cycle. Although some genes coding for the enzymes of this cycle have been identified in the genomes of Thaumarchaeota, many other genes of the cycle are not homologous to the characterized enzymes from other species and can therefore not be identified bioinformatically. Here we report the identification and characterization of malonic semialdehyde reductase Nmar_1110 in the cultured marine thaumarchaeon Nitrosopumilus maritimus. This enzyme, which catalyzes the reduction of malonic semialdehyde with NAD(P)H to 3-hydroxypropionate, belongs to the family of iron-containing alcohol dehydrogenases and is not homologous to malonic semialdehyde reductases from Chloroflexus aurantiacus and Metallosphaera sedula. It is highly specific to malonic semialdehyde (K m , 0.11 mM; V max , 86.9 mol min ؊1 mg ؊1 of protein) and exhibits only low activity with succinic semialdehyde (K m , 4.26 mM; V max , 18.5 mol min ؊1 mg ؊1 of protein). Homologues of N. maritimus malonic semialdehyde reductase can be found in the genomes of all Thaumarchaeota sequenced so far and form a well-defined cluster in the phylogenetic tree of iron-containing alcohol dehydrogenases. We conclude that malonic semialdehyde reductase can be regarded as a characteristic enzyme for the thaumarchaeal version of the 3-hydroxypropionate/4-hydroxybutyrate cycle.
A ll cultured members of a recently described archaeal phylum, Thaumarchaeota (1) , are chemolithoautotrophs which aerobically oxidize ammonia to nitrite (2) . These ammonia-oxidizing archaea are highly abundant in nature and contribute significantly to nitrification as well as to primary production in marine, terrestrial, and geothermal environments (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Nitrosopumilus maritimus, the first cultured thaumarchaeon, may be regarded as a model organism since it has served to unravel characteristic cellular, genomic, and physiological features of this group (12) (13) (14) (15) (16) . N. maritimus couples ammonia oxidation at extremely low ammonia concentrations (of low nanomolar range) to autotrophic CO 2 fixation (14) . Chemolithotrophic life in extremely nutrient-limited environments results in a permanently low energy supply and requires special metabolic adaptation to enable growth. Indeed, CO 2 fixation, the central anabolic process in autotrophs, proceeds in N. maritimus via a novel variant of the 3-hydroxypropionate/ 4-hydroxybutyrate (HP/HB) cycle, which represents the most energy-efficient aerobic autotrophic pathway (13) . Genes of this HP/HB cycle were found in all thaumarchaeal genomes, indicating the potential operation in all members of the phylum Thaumarchaeota ( Fig. 1 ) and its ecological significance in various habitats (13) .
The HP/HB cycle was first discovered in the thermophilic, aerobic H 2 -oxidizing crenarchaeon Metallosphaera sedula (17) (18) (19) (20) and was later found in other aerobic Crenarchaeota of the order Sulfolobales (21, 22) . In the 3-hydroxypropionate (carboxylative) half of the cycle, acetyl coenzyme A (acetyl-CoA) and two molecules of bicarbonate are converted into one succinyl-CoA molecule. This conversion proceeds via the characteristic intermediate 3-hydroxypropionate and uses a biotin-dependent, promiscuous acetyl-CoA/propionyl-CoA carboxylase as a key carboxylating enzyme. In the 4-hydroxybutyrate (regenerative) half of the cycle, succinyl-CoA is reduced to two molecules of acetyl-CoA, one of which serves as carbon precursor. 4-Hydroxybutyrate is a characteristic intermediate in this conversion, and 4-hydroxybutyrylCoA dehydratase catalyzes the mechanistically most difficult step of the pathway (23, 24) . Consequently, it might be regarded as its key enzyme. Comparative phylogenetic analyses of the enzymes involved in the HP/HB cycle suggested its independent emergence in Cren-and Thaumarchaeota (13) . Although the thaumarchaeal and crenarchaeal variants of the pathway involve similar reactions and intermediates, they use divergent sets of mostly unrelated enzymes. Importantly, the activation of the key intermediates of the cycle, 3-hydroxypropionate and 4-hydroxybutyrate, into the corresponding CoA-thioesters proceeds with divergent enzymes in N. maritimus and M. sedula. While M. sedula uses AMP-pro-ducing synthetases, the synthetases of N. maritimus form ADP. This difference reduces the ATP demands of the thaumarchaeal variant of the HP/HB cycle and makes it the most energy-efficient aerobic autotrophic CO 2 fixation pathway (13) .
All genes encoding the enzymes of the crenarchaeal HP/HB cycle were identified in M. sedula, and the corresponding proteins were biochemically characterized (19, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . In contrast, only four enzymes involved in the thaumarchaeal HP/HB cycle were biochemically characterized (13) . Particularly, because the genes for distinct reductases of the N. maritimus HP/HB cycle have yet not been identified bioinformatically, the enzymes catalyzing the reductions of malonyl-CoA, malonic semialdehyde, acryloylCoA, succinyl-CoA, and succinic semialdehyde remain unknown (13, 16, 36) .
In our search for the reductases involved in the HP/HB cycle in N. maritimus, we synthesized and heterologously expressed the gene nmar_1110, annotated as a gene for an iron-containing alcohol dehydrogenase. During genome annotation, this gene was proposed to encode succinic semialdehyde reductase (16) . However, the biochemical characterization of the corresponding protein revealed that it reduces malonic semialdehyde to 3-hydroxypropionate (malonic semialdehyde reductase) catalyzing the third enzymatic reaction of this cycle. Because the close homologues of this gene are present only in the genomes of autotrophic Thaumarchaeota, it can be regarded as a signature gene for the thaumarchaeal variant of the HP/HB cycle.
MATERIALS AND METHODS

Materials.
Chemicals were obtained from Fluka (Neu-Ulm, Germany), Sigma-Aldrich (Deisenhofen, Germany), Merck (Darmstadt, Germany), Serva (Heidelberg, Germany), or Roth (Karlsruhe, Germany). Biochemicals were from Roche Diagnostics (Mannheim, Germany), AppliChem (Darmstadt, Germany), or Gerbu (Craiberg, Germany). Materials for cloning and expression were purchased from MBI Fermentas (St. LeonRot, Germany), New England BioLabs (Frankfurt, Germany), Novagen (Schwalbach, Germany), Genaxxon Bioscience GmbH (Biberach, Germany), Biomers (Ulm, Germany), or Qiagen (Hilden, Germany). Materials and equipment for protein purification were obtained from GE Healthcare (Freiburg, Germany), Macherey-Nagel (Düren, Germany), Pall Corporation (Dreieich, Germany), or Millipore (Eschborn, Germany).
Synthesis. 3-Hydroxypropionate was synthesized from 3-hydroxypropionitrile as described previously (37) .
Microbial strain and growth conditions. Nitrosopumilus maritimus strain SCM1 was cultivated under aerobic conditions with ammonia as the energy source and ambient CO 2 as the sole carbon source at 28°C in 12-or 15-liter batch cultures using a HEPES-buffered medium as described previously (14) . Cultures were slightly shaken by hand once a day to supply sufficient oxygen. Cells were harvested in the late growth phase with a cross-flow filtration system equipped with a 0.1-m-pore-size filter cassette (Sartocon-Slice Microsart, Sartorius, Göttingen, Germany) as described previously (38) . In order to reduce the sturdiness of the cells for mechanical disruption, concentrated cells were washed with diluted medium (water/medium, 7:1), followed by centrifugation (40 min at 4,650 ϫ g), and cell pellets were stored frozen at Ϫ20°C. Preparation of cell extracts. Cell extracts were prepared under oxic conditions using a mixer-mill (MM200, Retsch, Haare, Germany). Cells (50 to 100 mg) were suspended in 0.6 ml of 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-KOH [pH 7.0], 0.1 mg ml Ϫ1 of DNase I, and 0.5 mM dithiothreitol (DTT) in 1.5-ml Eppendorf vials. Then 1 g of glass beads (diameter, 0.1 to 0.25 mm) was added to the suspension, and the cells were treated in the mixer-mill for 10 min at 30 Hz. This was followed by a centrifugation step (14,000 ϫ g, 4°C, and 10 min), and the supernatant (cell extract) was used for enzyme assays or stored at Ϫ70°C until use.
Enzyme assays. Spectrophotometric enzyme assays (0.5-ml assay mixture) were performed aerobically in 0.5-ml cuvettes at 30°C at 365 nm (ε NADH ϭ 3.4 mM Ϫ1 cm Ϫ1 , ε NADPH ϭ 3.5 mM Ϫ1 cm Ϫ1 [39] ). Malonic semialdehyde reductase was measured in 100 mM MOPS-KOH (pH 7.0) containing 5 mM DTT, 5 mM MgCl 2 , 0.5 mM NAD(P)H, 0.2 mM malonyl-CoA, and 2 U ml Ϫ1 of malonyl-CoA reductase from Sulfolobus tokodaii. Recombinant malonyl-CoA reductase from S. tokodaii was prepared according to a previously published procedure (27) . The mixture was incubated at room temperature for 10 to 15 min, allowing the formation of malonic semialdehyde. After all malonyl-CoA was converted to the semialdehyde, the reaction was started by addition of cell extract or purified protein.
If not indicated otherwise, the enzyme was measured with NADPH. Note that recombinant malonyl-CoA reductase from S. tokodaii was active with both NADPH and NADH. Activity of malonic semialdehyde reductase in the direction of NAD(P) ϩ reduction was measured in a reaction mixture containing 100 mM Tris/HCl (pH 8.5), 5 mM DTT, 5 mM MgCl 2 , 10 mM NAD(P) ϩ , 10 mM 3-hydroxypropionate, and purified enzymes.
Molecular biological techniques. The in silico cloning steps were performed with the program Clone Manager 7.11 (Scientific & Educational Software). Standard protocols were used for purification, preparation, cloning, transformation, and amplification of DNA (40) (41) (42) . Plasmid DNA isolation and purification of PCR products and plasmids were performed using Qiagen kits according to the manufacturer's specifications.
Gene synthesis and cloning. The N. maritimus gene encoding malonic semialdehyde reductase (Nmar_1110) was synthesized by Eurofins MWG Operon (Ebersberg, Germany). The sequence was optimized through codon usage adaptation for the expression in Escherichia coli :  CATATGCATACTGTGCGCATTCCGAAAGTCATTAACTTCGGTGA  GGACGCGTTAGGTCAGACCGAATACCCCAAGAATGCCTTGG  TAGTGACGACCGTTCCACCGGAGCTGTCCGACAAATGGCTG  GCCAAAATGGGCATTCAGGACTACATGCTGTACGACAAAGTCAA  ACCCGAACCGTCGATTGATGATGTCAACACCCTTATTAGTGAAT  TCAAAGAGAAGAAACCTAGCGTGCTGATTGGTCTTGGAGGCGGT  AGCTCAATGGATGTGGTTAAGTACGCTGCGCAAGATTTCGGCGT  GGAGAAAATCCTGATTCCGACCACCTTTGGTACAGGTGCGGAAA  TGACCACCTATTGCGTCCTGAAATTCGATGGCAAGAAGAAACTC  CTGCGTGAAGATCGCTTTCTGGCAGATATGGCGGTTGTTGATTC  CTACTTTATGGATGGTACGCCTGAACAGGTCATCAAGAATTCGG  TATGCGATGCTTGTGCTCAAGCCACCGAAGGCTATGACAGCAAA  CTTGGCAACGATCTGACTCGTACGCTGTGTAAACAGGCCTTTGA  GATCCTCTATGATGCCATTATGAACGATAAACCGGAAAACTATC  CGTATGGCTCTATGCTGAGTGGGATGGGCTTTGGGAATTGCTCT  ACAACTCTGGGTCATGCACTGTCCTATGTGTTTAGCAATGAAGG  AGTTCCACATGGCTACTCATTAAGCTCTTGTACGACAGTAGCGC  ACAAACACAACAAATCGATCTTCTATGACCGCTTTAAAGAGGCA  ATGGACAAATTAGGATTCGACAAGCTGGAACTCAAAGCGGATGT  GAGTGAAGCGGCAGACGTAGTGATGACGGATAAAGGGCACTTA  GATCCGAATCCGATTCCAATCAGCAAAGATGACGTGGTTAAATG CTTGGAAGATATCAAAGCCGGCAACTTGTAAAAGCTT. In order to introduce an NdeI restriction site, CAT was integrated in front of the start codon. Behind the stop codon, a HindIII restriction site was integrated. Start and stop codons are underlined, the restriction sites for NdeI and HindIII are shown in bold. The synthesized gene was cloned in the expression vector pMal-c2X (resulting in pMal-c2X-Nmar_1110), which adds a maltose-binding protein (MBP) to the amino terminus of the expressed protein.
Heterologous expression of nmar_1110 in Escherichia coli. Recombinant Nmar_1110 was produced in E. coli Rosetta 2 (DE3) that had been transformed with the corresponding plasmids. The cells were grown at 37°C in self-inducing medium (43) supplemented with 100 g ml Ϫ1 of ampicillin and 25 g ml Ϫ1 of chloramphenicol. After 5 to 6 h of growth, the temperature was lowered to 20°C, and the culture was grown overnight. The cells were harvested and stored at Ϫ20°C until use (see below).
Purification of recombinant Nmar_1110. Frozen E. coli cells from the heterologous production of pMal-c2X-Nmar_1110 were suspended 1:2 (wet weight/volume) in 20 mM Tris-HCl (pH 7.4) containing 0.1 mg ml Ϫ1 of DNase I and 0.5 mM DTT. The suspensions were passed twice through a chilled French pressure cell at 137 MPa, and the cell lysates were centrifuged for 1 h (100,000 ϫ g and 4°C). The supernatant was applied at a flow rate of 1 ml min Ϫ1 to a 2-ml amylase column that had been equilibrated with 20 mM Tris-HCl containing 200 mM NaCl (pH 7.4). The column was washed with 25 ml of the same buffer to elute unwanted proteins. The recombinant fusion protein was eluted with the same buffer containing 10 mM maltose. The purified protein was concentrated to 10 mg/ml using a 10K Microsep advance centrifugal device (Pall Corporation) and stored at 4°C.
Protease factor Xa (New England BioLabs) treatment was performed in a reaction mixture (0.5 ml) containing 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 2 mM CaCl 2 , 40 g of factor Xa protease, and 2 mg of the fusion protein. The mixture was incubated first at room temperature for 6 h and then at 4°C overnight. To separate the target protein from maltosebinding protein, the reaction mixture was applied at a flow rate of 1 ml min Ϫ1 to a 1-ml HiTrapQFF column (GE Healthcare) that had been equilibrated with 20 mM Tris-HCl (pH 8.0) containing 25 mM NaCl. The recombinant malonic semialdehyde reductase was eluted with the same buffer with a gradient of 25 to 500 mM NaCl. The purified enzyme was concentrated using a 10K Microsep advance centrifugal device (Pall Corporation) and stored at Ϫ20°C with 50% glycerol.
Size exclusion chromatography. The native molecular mass of the enzyme was determined by gel filtration on a Superdex 200 column (24-ml volume; Amersham Biosciences) at a flow rate of 0.25 ml/min. The column was equilibrated with buffer containing 20 mM Tris-HCl (pH 7.8), 200 mM NaCl, and 5 mM MgCl 2 . For calibration, ferritin (440 kDa), aldolase (158 kDa), bovine serum albumin (BSA; 69 kDa), ovalbumin (42.8 kDa), and carboanhydrase (29 kDa) were used.
MS analysis. Identification of the heterologously expressed proteins or proteins in the cell extracts of N. maritimus was performed by Center of Biological Systems Analysis (ZBSA, Freiburg, Germany) using in-gel tryptic digestion followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) on an Agilent 1200 nanoscale high-performance liquid chromatograph (HPLC) connected online to an LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, Bremen, Germany). Proteins were identified using Mascot (Matrix Science software) and databases at the National Center for Biotechnology Information (NCBI).
Metal analysis. Recombinant, purified Nmar_1110 was analyzed using a Thermo Jarrell-Ash Enviro 36 inductively coupled plasma optical emission spectrometer (ICP-OES) to screen for and quantify bound metals at the Center for Applied Isotope Studies, University of Georgia (Athens, GA). Prior to analysis, the protein sample (250 l; 1.75 mg) was washed with a 10-fold excess of wash buffer (20 mM Tris-HCl [pH 7.4]) in a centrifugal concentrating device, lyophilized for shipping, and resuspended in distilled water. An equal volume of wash buffer was treated identically and used as a reference for analysis.
Database search and phylogenetic analysis. Query sequences were obtained from the NCBI database. The BLASTP searches were performed via NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/) (44) . The amino acid sequences were aligned with sequences from GenBank using CLUSTALW (45) implemented within BioEdit software (http: //www.mbio.ncsu.edu/BioEdit/bioedit.html). The phylogenetic tree was reconstructed using a neighbor-joining algorithm (46) in the TREECONW program package (47) . The positions with gaps were not taken into account in the phylogenetic reconstructions. The GenBank accession numbers for the sequences for malonic semialdehyde reductase homologues used for the tree are as follows: N. maritimus SCM1, YP_001582444.1; "Candidatus Nitrosoarchaeum limnia" SFB1, WP_007401945.1; "Candidatus Nitrosoarchaeum koreensis" MY1, WP_007550926.1; "Candidatus Nitrosoarchaeum limnia" BG20, WP_010194715.1; "Candidatus Nitrosopumilus salaria" BD31, WP_008299420.1; "Candidatus Nitrosopumilus" sp. strain AR2, YP_006776030.1; "Candidatus Nitrosoarchaeum koreensis" AR1, YP_006774139.1; Cenarchaeum symbiosum A, YP_875486.1; marine group I thaumarchaeote SCGC AB-629-I23, WP_020248043.1; uncultured marine crenarchaeote HF4000_APKG5N21, ABZ08957.1; uncultured marine crenarchaeote HF4000_APKG10L15, ABZ10339.1; Thaumarchaeota archaeon N4, CDI05864.1; and "Candidatus Nitrososphaera gargensis" Ga9.2, YP_006863147.1. The GenBank accession numbers for phosphonoacetaldehyde dehydrogenase used for the tree are as follows: uncultured marine microorganism HF4000_ANIW141K23, ABZ07898.1; "Candidatus Nitrosoarchaeum limnia" SFB1, WP_007403096.1; "Candidatus Nitrosopumilus salaria" BD31, WP_008297580.1; and N. maritimus SCM1, YP_001581495.1. The GenBank accession number for alcohol dehydrogenase EutG from P. difficile 630 used for the tree is YP_001088414.1.
Other methods. DNA sequence determination of purified plasmids was performed by GATC Biotech (Constance, Germany). SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 12.5%) was performed using the Laemmli method (48). Proteins were visualized by Coomassie blue staining (49) . Protein concentration was measured according to the Bradford method (50), using BSA as a standard. The purity of the enzyme was calculated by determining band intensities on an SDS gel using a ChemiDoc XRSϩ imaging system and Image Lab software (version 3.0) (both Bio-Rad).
RESULTS AND DISCUSSION
Characterization of heterologously produced Nmar_1110. During N. maritimus genome annotation, nmar_1110 was putatively identified as a gene encoding succinic semialdehyde reductase (16) . The sequence of the gene was optimized for expression in E. coli, and the gene was synthesized, cloned in pMal-c2X vector (resulting in the vector pMal-c2X-Nmar_1110), and heterologously expressed in E. coli. The resulting protein of about 70 kDa was present in the soluble protein fraction (Fig. 2 ). This protein was purified using an amylase column and digested with factor Xa, cleaving off maltose-binding protein. After the digestion, Nmar_1110 was purified with an anion exchange column (Fig. 2) . The purity of Nmar_1110, estimated by band intensity on an SDS gel, was 86%. The molecular mass of recombinant Nmar_1110 on the SDS gel (36 kDa) was close to the predicted size (34.6 kDa). The identity of the recombinant protein was confirmed using ingel digestion with trypsin followed by LC-MS/MS (Nmar_1110; score, 1,327; sequences, 23; exponentially modified protein abundance index [emPAI], 46.14) (see Fig. S1 in the supplemental material). Gel filtration chromatography of the protein gave an apparent native molecular mass of 71 kDa, indicating a homodimeric composition of the enzyme.
The purified protein catalyzed the reduction of malonic semialdehyde ( Table 1 ). The K m and V max values of the enzyme were 110 M and 87 mol min Ϫ1 mg Ϫ1 of protein, respectively. The enzyme exhibited only about 20% activity and 0.5% efficiency (k cat /K m ) with succinic semialdehyde as the substrate. No activity was detected with other tested aldehydes (acetaldehyde, propionic aldehyde, butyric aldehyde, and glutaric aldehyde), thus confirming its high specificity toward malonic semialdehyde. The enzyme was therefore designated malonic semialdehyde reductase. It used both NADPH and NADH as electron donors, although the k cat /K m value for NADPH was more than twice higher than that for NADH. Because the intracellular concentration of NADPH is usually higher than the intracellular concentration of NADH (e.g., 0.12 mM and 0.08 mM in E. coli cells [51] ), NADPH is probably the preferred electron donor for N. maritimus malonic semialdehyde reductase.
Nmar_1110 did not require addition of divalent ions in the reaction mixture for activity (Table 2) . Nevertheless, a 10-min incubation of the enzyme in the presence of 1 mM EDTA resulted in 88% inhibition of its activity. Full activity could be restored by subsequent incubation with Fe 2ϩ and Mn 2ϩ but not with Mg 2ϩ or Ni 2ϩ (Table 2) Si, Sr, and Zn was Ͻ0.1 mol per mol of subunit. Therefore, despite the absence of an effect of nickel on enzymatic activity, the enzyme contains much more nickel than iron. The presence of nickel in an active site has already been described for NAD ϩ -dependent alcohol dehydrogenase from Oenococcus oeni (GenBank accession number HE974350; 26% amino acid sequence identity to N. maritimus malonic semialdehyde reductase) (52) . Nevertheless, although the solutions used for Nmar_1110 purification did not contain nickel, we cannot exclude the possibility that the detection of nickel is an artifact from the heterologous expression or purification of the protein. The capability of Fe 2ϩ to restore the activity of N. maritimus malonic semialdehyde reductase after the treatment with EDTA rather suggests an iron dependency of the enzyme.
The reduction of malonic semialdehyde in the HP/HB cycle is a thermodynamically favorable reaction (⌬G°= [standard free-energy change at pH 7], Ϫ24 kJ mol Ϫ1 ; K= eq [equilibrium constant at pH 7], 1.6 ϫ 10 4 ) (53). Nevertheless, the activity of Nmar_1110 could also be measured in the reverse direction as 3-hydroxypropionate oxidation with NAD(P) ϩ to malonic semialdehyde (Table  1 ). Only very low activity was found with 4-hydroxybutyrate as a substrate (0.6 mol min Ϫ1 mg Ϫ1 of protein with 100 mM 4-hydroxybutyrate and 10 mM NADP ϩ ). Malonic semialdehyde reductase in cell extracts of N. maritimus. Malonic semialdehyde reductase was highly active in cell extracts of autotrophically grown N. maritimus (360 Ϯ 50 nmol min Ϫ1 mg Ϫ1 of protein). This activity was sufficient to explain the observed growth rate, as the cells grew with a generation time of 35 h, thus requiring minimal in vivo specific activities of the enzymes of the HP/HB cycle of 13.5 nmol min Ϫ1 mg Ϫ1 of protein (13) . In order to confirm the functioning of Nmar_1110 as malonic semialdehyde reductase in cell extracts of N. maritimus, we performed an SDS gel analysis of N. maritimus cell extract, cut the band of the size corresponding to the size of the heterologously produced Nmar_1110 (see Fig. S1 in the supplemental material), and analyzed it using in-gel digestion with trypsin followed by LC-MS/ MS. The results showed that the protein is indeed present in cell extracts (see Table S1 in the supplemental material). Based on these results, we conclude that Nmar_1110 is responsible for malonic semialdehyde reductase reaction in the HP/HB cycle of N. maritimus. However, the identification of malonic semialdehyde reductase was not a result of a purification of a native enzyme from N. maritimus cells. Therefore, the presence of other proteins with malonic semialdehyde reductase activity in N. maritimus cannot be excluded. with malonic semialdehyde reductase from N. maritimus (Nmar_1110) as a query was performed, and all thaumarchaeal sequences were used. Peptoclostridium difficile EutG (used to root the tree) was the first hit outside Thaumarchaeota identified by BLAST search. This protein is an alcohol dehydrogenase involved in ethanolamine utilization (55) . Thaumarchaeal malonic semialdehyde reductase is homologous to thaumarchaeal phosphonoacetaldehyde dehydrogenase involved in methylphosphonate synthesis (54) . Tree topology and evolutionary distances were determined by the neighbor-joining method with Poisson correction. The scale bar represents a difference of 0.1 substitution per site. Numbers at nodes indicate the percentage bootstrap values for the clade of this group in 1,000 replications. Values are means Ϯ standard deviations of results from at least two independent measurements.
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Distribution and phylogenetic analysis of N. maritimus malonic semialdehyde reductase. The identified malonic semialdehyde reductase gene was found in the genomes of all sequenced representatives of the phylum Thaumarchaeota (Fig. 3) . This suggests their potential capability to grow autotrophically via the HP/HB cycle. Interestingly, the protein was highly similar to phosphonoacetaldehyde reductase Pdh (also designated phosphonoacetaldehyde dehydrogenase) involved in the synthesis of methylphosphonates in some Thaumarchaeota, including N. maritimus (45% amino acid sequence identity for N. maritimus enzymes [ Fig. 3]) (54) . This is not surprising because the two enzymes catalyze very similar reactions, the reduction of an aldehyde to an alcohol, and their substrates malonic semialdehyde and phosphonoacetaldehyde are remarkably similar. The closest nonthaumarchaeal homologue to this protein was EutG from the bacterium Peptoclostridium difficile, though the similarity was quite low (30% identity; E value Ͼ eϪ25). In P. difficile, EutG acts as an alcohol dehydrogenase involved in acetaldehyde conversion to ethanol during ethanolamine utilization (55) . Taking into account that thaumarchaeal malonic semialdehyde reductases form a highly defined cluster in the phylogenetic tree, the corresponding genes might be used as signatures for the presence of the thaumarchaeal version of the HP/HB cycle. Genes of the malonic semialdehyde reductases appear to be well suited for studying the distribution of this pathway in Thaumarchaeota using (meta)genomics or PCRbased functional assays. Since the genes form a distinct phylogenetic cluster, thaumarchaeal malonic semialdehyde reductases can easily be distinguished from homologous phosphonoacetaldehyde dehydrogenase (Fig. 3) .
Comparison of N. maritimus malonic semialdehyde reductase with the corresponding enzymes functioning in autotrophic CO 2 fixation in M. sedula and Chloroflexus aurantiacus. Besides N. maritimus malonic semialdehyde reductase Nmar_1110, two phylogenetically unrelated proteins catalyze the same reaction during the autotrophic CO 2 assimilation in Sulfolobales and Chloroflexi. They participate in the crenarchaeal HP/HB cycle (Msed_1993) (30) and in the 3-hydroxypropionate bi-cycle (Caur_2614) (56) . M. sedula enzyme is a member of the 3-hydroxyacyl-CoA dehydrogenase family. Its K m and V max values are comparable to those of Nmar_1110 (70 M and 200 mol min Ϫ1 mg Ϫ1 of protein [30] ). Malonic semialdehyde reduction in Chloroflexus aurantiacus is catalyzed by a short-chain alcohol dehydrogenase domain of bifunctional malonyl-CoA reductase (56) . The catalytic properties of the enzyme with malonic semialdehyde are not known. However, they are probably similar to those of the N. maritimus and M. sedula enzymes, because the malonyl-CoA reductase reaction (10 mol min Ϫ1 mg Ϫ1 of protein) is a rate-limiting step in the conversion of malonyl-CoA to 3-hydroxypropionate (57) .
Conclusions. In this study, we identified and characterized one of the specific enzymes of the thaumarchaeal HP/HB cycle functioning in N. maritimus and other Thaumarchaeota, malonic semialdehyde reductase Nmar_1110. This enzyme belongs to the family of iron-dependent dehydrogenases and therefore has no similarity to malonic semialdehyde reductases operating in Crenarchaeota and Chloroflexi. Apparently, the enzyme catalyzing malonic semialdehyde reduction in autotrophic CO 2 fixation evolved at least three times independently in different microbial groups. N. maritimus malonic semialdehyde reductase shares only low amino acid sequence identity (Յ30%) to other proteins outside the phylum Thaumarchaeota. Therefore, its presence can be regarded as a signature for the functioning of the thaumarchaeal version of the HP/HB cycle in the corresponding organism. Furthermore, this gene is present in all currently sequenced thaumarchaeal genomes and could be used as an alternative molecular marker for the phylum Thaumarchaeota. In addition, Nmar_1110 appears to be the only characterized malonic semialdehyde reductase that is active under mesophilic conditions. The HP/HB cycle has a great potential for biotechnological applications (58) (59) (60) , and the novel malonic semialdehyde reductase described here could allow reconstruction of this (or similar) autotrophic pathway(s) in a suitable mesophilic host organism (60) .
